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ABSTRACT 
 We investigate the role of the crystalline electric field (CEF) in the temperature (T)-evolution of the Kondo 
resonance states and its effect on optical conductivity. We perform the combined first principles calculation of 
the density functional theory and dynamical mean field theory in Ce2IrIn8. The calculated spectral function 
reproduces the experimental observed CEF states at low T, while it shows a drastic change of the Fermi surface 
upon increasing T. The nature of the T-dependent evolution is identified in the first principles calculations as 
well as the analysis on the Anderson impurity model. Consequently, we discuss the importance of the CEF-
driven orbital anisotropy in the low-energy states of the heavy fermion systems. 
 
 The localized f electrons could interact with each other through the Kondo effect and the Ruderman–Kittel–
Kasuya–Yosida (RKKY) interaction. Their competitions give rise to from Fermi liquid to unconventional 
superconductor (SC) in heavy fermion (HF) systems [1-7].  The strong Kondo effect results in an abnormal 
flat state in momentum space. This non-dispersive quasiparticle state around the Fermi level (EF) represents the 
much larger effective mass than the bare electron. The low temperature (T) behaviors of specific heat, magnetic 
susceptibility, and resistivity are explained within the Fermi liquid theory with the enhanced effective mass. 
 Before entering into the Fermi liquid phase with lowering T, the maximum magnetic resistivity evidences 
another characteristic of the HF compounds. In early studies with the scattering theory, the crystalline electric 
field (CEF) had been mistakenly considered in the description of the resistivity maximum through the 
depopulation of ground state to the excited state [8-10]. Later the resistivity maximum was recognized as the 
consequence of the formation of the coherent quasiparticle bands [1,11].   
 In the past decade, the combined approach between first-principles density functional theory and dynamical 
mean field theory (DFT+DMFT) calculations provided new avenues toward the understanding of the T-
evolution of the f-electron states [12-14]. The most localized atomic wavefunction of 4f electrons could turn 
into itinerant quasiparticle states with lowering T. The crossover between localized and delocalized 4f states 
was analyzed with two characteristic temperatures (TK and T*) [14].  The local Kondo temperature TK is 
identified from the T-evolution of the area of Fermi surface (FS), which starts to change at the onset of the 
hybridization, [11] while the coherent temperature T* is defined from the lattice coherence of quasiparticle 
states, showing the coincidence with the resistivity maximum.  The quasiparticle relaxation rates measured in 
ultrafast optical spectroscopy show two characteristic temperatures corresponding to TK and T* [15]. Several 
angle-resolved photoemission spectroscopy (ARPES) measurements of Ce-based heavy fermion compounds 
showed that the Fermi surface remained almost completed at T* [16-20]. The quasiparticle weights will keep 
enhanced in the given geometry of FS below T*.  
Another interesting observations in the ARPES experiments were the continuous change of spectral weight at 
EF from much higher temperature than T* [21-22]. In this region, incoherent states would substantially influence 
states near EF before the formation of the coherent quasiparticles. The contribution of the incoherent states could 
be associated with the depopulation of the CEF states at high T. So far there is no elaboration on the T-behaviors 
of the CEF states. 
 CemMnIn3m+2n (M = Co, Rh, and Ir) compounds have shown the SC, magnetism, non-Fermi liquid and Fermi 
liquid phases as a function of temperature, pressure, magnetic field, and chemical composition. For example, 
the quantum criticality in the phase diagram is easily tuned by the chemical substitution of the transition metal 
M. The compounds with Co typically show the SC in the vicinity of the quantum critical point [23-24], and 
those with Rh have the local magnetic order and the pressure-induced quantum critical point [25-28], while 
those with Ir usually become itinerant FL states [27,29]. Several experiments [30,31] and DFT+DMFT 
 calculations [12,13] suggested the spatial distribution of the atomic orbitals in different chemical compositions 
affects their ground states even in the same crystal symmetry. The linear polarization-dependent soft X-ray 
absorption spectroscopy unveiled the different Ce 4f wavefunctions in CeMIn5, showing the importance of the 
CEF ground states [32].  
Ce2MIn8 had drawn attention due to the prospect of the increased dimensionality toward three-dimensional 
electronic structure. However, the ARPES studies on Ce2MIn8 verified its quasi-two-dimensional hybridized 
heavy-quasi-particle bands [33,34]. Ce2IrIn8 turned out to have similar electronic and magnetic properties 
observed in CeIrIn5 [27,35]. The 5d orbitals in Ir near EF would bring Ce2IrIn8 very close to the delocalized 4f 
states at low T. The recent ARPES experiments on Ce2IrIn8 revealed the different topologies of the FSs at high 
and low Ts [36]. 
The evolution of the CEF states under pressure in heavy fermion system was demonstrated with DFT+DMFT 
calculations [37]. Here, we are interested in how the CEF affects the formation of the Kondo resonance states 
in Ce2IrIn8.  Using the first-principles DFT+DMFT calculations, we investigate the role of the CEF states in 
the crossover between localized and delocalized states of Ce 4f electrons. The DFT+DMFT calculations show 
the T-evolution of the CEF states of 4f electrons. The computing way of optical conductivity to capture the CEF 
states are explained in detail. The CEF study on the two-orbital Anderson impurity model is addressed. 
We perform the DFT+DMFT calculations using the experimental crystal structure [38]. For the DFT part, we 
have used a full potential linearized augmented plane-wave+local orbitals (L/APW+lo) method (WIEN2k 
package) [39]. The generalized gradient approximation (PBE-GGA) is employed for exchange-correlation 
potential [40]. For describing the relativistic effect of heavy Ce and Ir atoms, the spin-orbit coupling (SOC) is 
considered. The correlation effect on 4f electrons is treated by the DMFT local self-energy, while all other 
delocalized spd electrons are treated on the DFT level. The two equivalent Ce atoms are treated identically to 
have the same self-energy. The non-crossing approximation (NCA) [13,41] is used for the impurity solver in 
the DMFT step. The Coulomb and exchange interaction parameters are set to 5.00 eV and 0.68 eV for Ce 4f 
states [12,14]. Using these parameters, the occupation of Ce 4f orbital is obtained to be 0.96 (electrons/Ce) at 
20 K.  
  Figure 1(a) presents the crystal structure of Ce2IrIn8. It crystallizes with alternative stacks of IrIn2 and two 
CeIn3 layers. There are three different types of In atoms: In(2) in Ce plane, In(1) and In(3) out of the Ce plane. 
The two equivalent Ce atoms are enclosed by sixteen In atoms. Four In(3) atoms are shared with the equivalent 
Ce atoms. In(3) layers in the z = c/2 plane provide the mirror symmetry for In(1), In(3), Ir, and Ce atoms.  
Figure 1(b) demonstrates how J = 5/2 states under the tetragonal symmetry are split into three doubly 
degenerated CEF states (Γ6 , Γ7
(1), and Γ7(2)) [42,43]. With respect to the lowest Γ7(2) state, the energies of the 
first (Γ7
(1)) and second (Γ6 ) excited CEF states are experimentally estimated by ~5meV and ~25meV [44-47]. 
The bare CEF splitting from DFT shows the same order of energy differences with the measured one. After 
hybridization to DFT bands is considered inside the impurity solver (DMFT part), however, the CEF splitting 
is underestimated, indicating the importance of hybridization function and the local self-energy. In order to start 
with the CEF states in good agreement with the experiment, an additional correction is taken into account in 
the local impurity levels of the Ce 4f orbital. In other words, the empirical double counting term is used.  
First, we examined the T-dependent changes of the FS topology in kz = 0 and π/c planes. Figure 2 shows the 
electron pockets around M (π/a, π/a, 0) and A (π/a, π/a, π/c) and the hole pockets around Γ (0, 0, 0) and Z (0, 
0, π/c). The drastic changes of the FSs around Γ and Z points are shown as a function of T, while the FSs around 
M and A are slightly modified. The T-evolutions of the FS branches are attributed to the formation of the 
hybridization gap feature between 4f and conduction electrons. The blue dash lines indicate the increase of the 
electron pocket due to the formation of the hybridization with lowering T.  Around Γ, the change of the overall 
topologies at high and low Ts could be clearly identified, implying the emergence of the 4f states. The FS is 
determined by only the states existing at  EF (ω=0). In order to investigate the CEF effect on Ce2IrIn8, we need 
to investigate the quasiparticle states within several tens meV away from EF. 
 Figure 3(a) provides the momentum (k)-dependent spectral function A(ω, k) at 10 K in the energy range 
between -100 meV and 150 meV, showing the multiplets of the CEF states. Within this narrow energy window, 
the Kondo resonance states clearly exhibit flat bands with heavy effective in comparison to the other dispersive 
conduction bands. The black arrows are put to show possible optical transitions, which will be discussed later. 
The flat quasiparticle bands around 0, 5, and 25 meV represent the CEF states [44-47]. 
 Fig. 3(b) manifests the SOC gap (∆SO ~ 0.3 eV) between J=5/2 and J=7/2 states. The arrows around EF indicate 
the J = 7/2 states at 300 meV and the SOC side bands for J = 5/2 states at -300 meV, respectively. With 
decreasing T, the J = 5/2 and 7/2 states are developed from the broad spreadings to the well-defined multiplet 
structures. Even at 20 K, the three peaks of J=5/2 CEF states look like two peak structures in the given energy 
window. To investigate the CEF splitting and its temperature evolution clearly, the stack plot of the T-dependent 
of the J=5/2 states with a narrow energy range is given in Fig. 3(c).  
Fig. 3(c) shows the detail CEF multiplets for J = 5/2 states as a function of T.  The color indicates the 
quasiparticle peak intensity. When T is larger than the CEF energy scale (25 meV: about 300 K), all the CEF 
splitting features are merged due to the thermal broadening effect. With lowering T, the green-colored region 
appears around 100 K indicating the enhancement of the Kondo resonance. Below 100 K, two regions are 
developed separately (two peaks at T=20K near the Fermi level in Fig3 (b)).  The green-colored region with 
higher energy corresponds to the Γ6  state around 25 meV at low T. The lower energy region further splits into 
Γ7
(1) and Γ7(2) states below 30 K. Γ7(1) and Γ7(2) states are smeared out due to the thermal broadening so that 
they are not clearly distinguished above 30 K (5 meV ~ 60 K). Finally, Γ7
(2) marks the ground state located 
below Γ7
(1) and Γ6  in energy. However, depending on the distribution of the A(ω, k) has, all the CEF states 
could affect the FS. 
Luttinger’s theorem originally claims the number of valence electrons is associated with the volume of the FS. 
During the crossover from localized to delocalized states in Ce 4f states, the localized electrons are transferred 
to the valence states with lowering T. So, the description of the conventional Luttinger’s theorem needs to be 
modified during the T-evolution. Figures 4(a) shows the T-evolution of the number of valence electrons 
calculated in the volume of the FS. Since two trivalent Ce ions exist in the unit cell, two Ce 4f electrons are 
added into the valence states with lowering T. The T-evolution also shows how fast the localized electrons are 
transformed to the delocalized electrons as a function of T.  
There are three phases such as the slow parabolic increase (high T), the fast linear increase, and the saturated 
line (low T). The two crossover temperatures could be estimated at around 50 K and 100 K.  Apparently, the 
first crossover temperature around 100 K could be regarded as TK. After passing through the linear increase, the 
curve approaches the maximum value obtained from the conventional DFT calculation (itinerant 4f states). This 
 crossover indicates the most 4f electrons become delocalized to satisfy the Luttinger’s theorem. Next, we 
examine the relation with this temperature and T*. 
 To find the crossover between incoherent and coherent delocalized states [14], we calculate the T –dependent 
magnetic resistivity 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 . The DFT+DMFT calculation (line) well reproduces the experimental resistivity 
(dots) as shown in Fig. 4(b). The maximum resistivity marks at T* ~ 50 K, corresponding to the above second 
crossover temperature (see the guideline in Fig. 4 (a-b)) Thus the transition from incoherent to coherent states 
simultaneously occurs with the completed delocalization of 4f states at T* [12,49]. As reported in the experiment, 
the overall geometry of the FS is constructed here. With lowering T, the coherency of quasiparticle bands would 
be developed towards the Fermi liquid phase. Indeed, the Kondo peak size followers a scaling behavior as a 
function of T [48,49].  
Figure 4(c) presents the calculated spectral functions of total and each Ce 4f orbitals at EF (𝐴𝐴4𝑓𝑓,𝑡𝑡𝑡𝑡𝑡𝑡(𝜔𝜔 = 0) 
and 𝐴𝐴4𝑓𝑓(𝜔𝜔 = 0) for Γ7(1),Γ7(2), and Γ6  states). CEF states are smeared out to be evenly populated at high T 
(> 500K). 𝐴𝐴4𝑓𝑓(𝜔𝜔 = 0) of the Γ6  state is continuously reduced. The populations of Γ7(1) and Γ7(2) states 
show different behaviors below 100 K, and the orbital anisotropy begins to be developed. The dotted guideline 
in Figs. 4(a-c) represents T* (50 K) calculated in the magnetic resistivity. More than half of 𝐴𝐴4𝑓𝑓,𝑡𝑡𝑡𝑡𝑡𝑡(𝜔𝜔 = 0) 
make up with the Γ7
(2) state around this guideline. With further lowering of T, the lowest CEF state is mostly 
occupied in Ce3+ (4f1).  
We will discuss the implication of the orbital anisotropy in the J=5/2 states. Inset of Fig.4(b) of the 4f orbital 
at EF demonstrates from the mixed sphere shape of the orbital to the of Γ7
(2) as a function of T. At high T the 
A(ω=0, k) encompasses the contributions of all the incoherent excited CEF state. The impact of the excited CEF 
states decreases with lowering T. The orbital anisotropy would be identified when the specific CEF ground state 
(Γ7
(2) ) manifest the whole occupation of the correlated electron. The development of the coherency is 
accompanied by the orbital anisotropy. 
Here, it is worthy to discuss how the optical transitions are associated with the distributions of A(ω,k). In 
Figure 3(a), two short black arrows mark the possible optical transitions between the CEF states. Even though 
the self-energy is only a function of ω in the single-site DMFT method, the DFT eigenvalues enable the k-
 dependent quasiparticle states. The hybridization gap near Γ-X symmetry lines (See the long arrow) might 
produce an optical transition of 80 meV. Since this energy size is larger than the energy scales of the CEF, these 
transitions could have a sizable non-f contribution. Therefore, their measurable peaks might be more robust 
than other optical conductivity peaks and it might remain even above T*.  
The optical conductivity can measure the transition amplitude from the ground state to the exited quasiparticle 
states. When the gap features among the quasiparticle states are well established, the optical transition can be 
identified effectively.  However, due to the renormalization of electronic lifetimes and effective masses as a 
function of energy, the extended Drude model was introduced to take into account the frequency-dependent 
scattering and electronic lifetime.  
The extended Drude model considers the effective mass m*(ω) and the effective scattering rate 𝜏𝜏𝑡𝑡𝑡𝑡∗ (ω) as a 
function of energy (ω), as shown below [50-54], 
𝜎𝜎(𝜔𝜔) = 𝜎𝜎1(𝜔𝜔) + 𝑖𝑖𝜎𝜎2(𝜔𝜔) = �𝜔𝜔𝑝𝑝∗�24𝜋𝜋 1−𝑖𝑖𝜔𝜔𝑚𝑚∗(𝜔𝜔)𝑚𝑚𝑏𝑏 + 1𝜏𝜏𝑡𝑡𝑡𝑡∗ (𝜔𝜔) , 𝑚𝑚
∗(𝜔𝜔)
𝑚𝑚𝑏𝑏
= 𝜔𝜔𝑝𝑝2
�𝜔𝜔𝑝𝑝
∗�
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The real part of the optical conductivity (𝜎𝜎1(𝜔𝜔)) is obtained from the DMFT spectral function based on the 
Kubo formula without the vertex correction [13]. The imaginary part of the optical conductivity ((𝜎𝜎2(𝜔𝜔)) is 
calculated through Kramers-Kronig relation with 𝜎𝜎1(𝜔𝜔) [53], and the plasma frequency 𝜔𝜔𝑝𝑝 is determined by 
the integration over the FS volume ((𝑛𝑛𝐹𝐹𝐹𝐹,𝜔𝜔𝑝𝑝2 = 4𝜋𝜋𝑛𝑛𝐹𝐹𝐹𝐹𝑒𝑒2/𝑚𝑚𝑏𝑏 ) [14]. Using the calculated  𝜎𝜎1 and 𝜎𝜎2 , we 
could find the m*(ω) and 1/𝜏𝜏𝑡𝑡𝑡𝑡∗ (ω), 
𝑚𝑚∗(𝜔𝜔)
𝑚𝑚𝑏𝑏
= 𝜔𝜔𝑝𝑝24𝜋𝜋 𝜎𝜎2(𝜔𝜔)/𝜔𝜔𝜎𝜎12(𝜔𝜔) + 𝜎𝜎22(𝜔𝜔) , 1𝜏𝜏𝑡𝑡𝑡𝑡∗ (𝜔𝜔) = 𝑚𝑚𝑏𝑏𝑚𝑚∗(𝜔𝜔) 1𝜏𝜏(𝜔𝜔) = 𝜎𝜎1(𝜔𝜔)𝜎𝜎2(𝜔𝜔)/𝜔𝜔 
By extracting this extend Drude model at zero frequency limit ((𝜔𝜔 → 0) from the optical conductivity data, 
the inter-band transition with a narrow gap could be signaled. After extracting the extended Drude term from 
the optical conductivity, the inter-band transition could reproduce the hybridization gap and the CEF states.  
 Figure 4(d) shows the real part of optical conductivity 𝜎𝜎1(𝜔𝜔) in Ce2IrIn8 with changing T. The overall 
behavior is consistent with the experimental optical conductivity of CeIrIn5 [12,55]. At high T, there is a broad 
Drude peak near zero frequency while it becomes shaper and diverges well below T* which is a typical feature 
reported in HF system.[56-58] To capture the inter-band transition over the intra-band transition, we subtracted 
the calculated Drude term from the total optical conductivity.  
The inter-band contribution to the optical conductivity is examined as a function of T.  Figure 4 (c) provides 
the hybridization peak near 80 meV starts to emerge from high T. This indicates the incoherent contribution of 
4f states around EF contributes to the inter-band transition. Below T*, two low-energy peaks could be observed 
around 2 and 25 meV, respectively. Those transitions come from excitations between the CEF states because 
the gaps among the CEF multiplets are classified well only below T*. We suggest that the multiplet should be 
observed in experiments if the resolution is allowed because the excitation between the CEF states of local Ce 
4f orbital should be available according to the selection rule in atomic spectroscopy [59]. The optical 
conductivity could signal the crossover from evenly populated multiplets to the CEF ground state below T* as 
well as the crossover between the localized and delocalized around TK. The high-resolution optical conductivity 
measurement could serve as a powerful tool to capture the CEF state.  
 We examine the role of the CEF using the two-orbital infinite-U Anderson impurity model. In the square lattice, 
there is a conduction state of a bare half bandwidth 1eV. Two impurity orbitals are located at 𝜖𝜖1 =  −1eV and 
𝜖𝜖2 =  𝜖𝜖1 + ΔCEF  (Δ𝐶𝐶𝐶𝐶𝐹𝐹 = 0, 5, 10 meV ).  Hybridization strengths (V) is assumed to be independent of 
momentum k, and impurity orbital: 𝑉𝑉𝑘𝑘
1,2 =  0.24 𝑒𝑒𝑉𝑉 . The impurity model is solved using NCA. When 
Δ𝐶𝐶𝐶𝐶𝐹𝐹 = 0, all results (black lines in Figure 5) correspond to two copies of the single-orbital infinite-U Anderson 
model.  In Figure 5(a), the 𝐴𝐴𝑓𝑓(𝜔𝜔)  at T = 5K shows the Kondo resonance peak as a function of ΔCEF. For 
Δ𝐶𝐶𝐶𝐶𝐹𝐹 = 0 meV, the two degenerate impurity levels bring about one Kondo resonance peak near 𝜔𝜔 = 0. The 
nonzero Δ𝐶𝐶𝐶𝐶𝐹𝐹 drives two split resonance peaks near 𝜔𝜔 = 0, ΔCEF. Figure 5(b) provides the T-evolution of 
occupancies (nf) for each orbital. The total occupancies (𝑛𝑛𝑓𝑓,tot  =  𝑛𝑛𝑓𝑓,1 + 𝑛𝑛𝑓𝑓,2) are not shown since they are 
independent of T having the value of approximately 0.98 for all CEFs. Figure 5(b) shows the same trend seen 
in DFT+DMFT calculation (Figure 4(a)). Figure 5(c - e) present the T-evolution of the spectral weights at 𝜔𝜔 =0, 𝐴𝐴𝑓𝑓(𝜔𝜔 = 0) for each orbital and their sum. One can directly compare the DMFT result (Figure 4(c)) to Figure 
5(d,e) despite of the simplicity of the used model. 
 The temperature energy scale of the CEF splitting could be dubbed as a crossover temperature (Tco): midpoint 
between low T where most contribution comes from the ground state, and high T where two impurity states 
contribute comparably. They (grey dotted lines in Figure 5(b)) correspond T = 60 K and 130 K for Δ𝐶𝐶𝐶𝐶𝐹𝐹 = 5 and 10 meV . The values of the 𝐴𝐴𝑓𝑓2(𝜔𝜔 = 0) (dotted lines in Figure 5(d, e)) show maximums at Tco.  
This indicates the development of orbital anisotropy below Tco, where the 𝐴𝐴𝑓𝑓1(𝜔𝜔 = 0) increases and the 
𝐴𝐴𝑓𝑓2(𝜔𝜔 = 0) decrease. 
 Through the study of the two-orbital model, we can identify several features. (1) The larger Δ𝐶𝐶𝐶𝐶𝐹𝐹 produces 
the smaller 𝐴𝐴𝑓𝑓(𝜔𝜔 = 0) at low T. (2) Around 𝑇𝑇𝑐𝑐𝑡𝑡 ~ΔCEF, one can observe in the crossover into the orbital 
anisotropy due to the reduction of excited state occupancy. Thus, 𝑇𝑇𝑐𝑐𝑡𝑡 could be associated with T* in the heavy 
fermion system. (3) The T-dependent behavior of 𝐴𝐴𝑓𝑓(𝜔𝜔 = 0)  shows long lasting tail-like structure in 
comparison to the Δ𝐶𝐶𝐶𝐶𝐹𝐹 = 0 case. The finite Δ𝐶𝐶𝐶𝐶𝐹𝐹 suppresses the variation of 𝐴𝐴𝑓𝑓(𝜔𝜔 = 0) from low T to 
high T. The  𝐴𝐴𝑓𝑓(𝜔𝜔 = 0) retains its weights for much higher T. For example, the ratio of 𝐴𝐴𝑓𝑓(𝜔𝜔 = 0) at 1000K 
to 5K for Δ𝐶𝐶𝐶𝐶𝐹𝐹 = 0 meV is 0.13 whereas for Δ𝐶𝐶𝐶𝐶𝐹𝐹 = 10 meV the ratio is 0.25. (4) Futhermore, one could 
expect a system which shows a shoulder behavior in T-evolution of 𝐴𝐴𝑓𝑓(𝜔𝜔 = 0) at 𝑇𝑇~Δ𝐶𝐶𝐶𝐶𝐹𝐹 due to stronger 
anisotropy if much larger CEF is given. The shoulder feature in T-dependence of the quasiparticle spectral 
weight can be found in the recent ARPES studies on Ce115 compounds [21, 60, 61]. This shoulder feature 
observed in ARPES measurements might be related to the contribution of the excited state. The large 
𝐴𝐴𝑓𝑓(𝜔𝜔 = 0) at high T would be attributed to the contribution of the excited CEF before the occupancy approach 
an orbital anisotropic region. 
 In summary, the T-evolution of the CEF states in the spectral function and optical conductivity are examined 
in detail.  The meaning of T* is more elaborated through this study: (1) lattice coherency (2) recovery of 
Luttinger’s theorem (3) orbital anisotropy. It is shown that the clear CEF multiplets become realized only below 
T*, showing the crossover from the evenly populated CEF multiplets to the anisotropic orbital ground state. The 
two orbital impurity model calculation demonstrates the clear correlation between the CEF and the T-dependent 
behaviors of the Kondo resonance states. We suggest that the correct CEF states are essential for the low-
frequency part of the inter-band transition in the optical conductivity in HF compounds. Understanding the CEF 
effect on the T-evolution of the Kondo resonance state will provide new insight on ARPES and optical 
conductivity. 
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Figure 1 (a) The crystal structure of Ce2IrIn8. There are two out-of-plane In(1), In(3) types and one in-plane 
In(2) type with respect to Ce atom. (b) The schematic energy diagram for CEF states of Ce 4f orbital and their 
orbital shapes on Ce2IrIn8. The ground state Γ7
(2) is elongated along slightly out-of-plane direction while the 
excited state Γ7
(1) is elongated along in-plane direction. 
 
 
 
 
 
Figure 2 The temperature dependent Fermi surfaces at 10 K and 1000 K one two different planes along [001] 
direction: (a, c) G-plane (kz=0) and (b, d) Z-plane (kz=π/c). The blue dashed line describes the changes in Fermi 
surface areas of electron located around M and A point. 
  
 
Figure 3 (a) The k-dependent spectral function near the Fermi level at 10 K. There are flat spectrums of each |𝑱𝑱,  𝑱𝑱𝒛𝒛⟩ states, which are hybridized with the non-f conduction bands. The arrows describe the possible optical 
transitions by the CEF splittings of 5 meV, 25 meV, and the hybridization gap of 100 meV. (b) The T-dependent 
spectral function for total Ce 4f state. In addition to the central Kondo peak at the Fermi level, there are two 
side Kondo peaks, indicated by arrows, due to the SO splitting of J=5/2 and J=7/2 state. (c) Stack plot of the T-
dependent merging of the J=5/2 state.  
 
 
 
 
 
Figure 4 . (a) The calculated T dependent number of valence electrons (nFS) (b) The calculated (black line) and 
experimental (red dots) magnetic resistivity (c) The T-evolutions of A4f (w=0) for total (black line) and the CEF 
states  (d) The calculated conductivities 𝝈𝝈𝟏𝟏(𝝎𝝎) with the change of T. The dashed lines indicates the classical 
Drude spectrum obtained from the extended Drude analysis at zero frequency limit. At low T, it shows only the 
broad Drude peak while the inter-band transition spectrum emerges as decreasing T. The lower figure shows 
the effective inter-band transition obtained from the difference between 𝝈𝝈𝟏𝟏(𝝎𝝎) and Drude peak. The guided 
lines indicate optical peak from the CEF splitting and the hybridization gap shown in Fig. 2(a).  
  
 
Figure 5. (a) Total Impurity spectral functions 𝐴𝐴𝑓𝑓(𝜔𝜔) at T = 5K with different CEFs (0, 5, 10 meV) of two-
orbital infinite-U Anderson model with bare half bandwidth of 1eV.  (b) T-evolution of occupancies (𝑛𝑛𝑓𝑓1,2) for 
each orbital. Vertical grey dashed line indicates crossover temperature (𝑇𝑇𝑐𝑐𝑡𝑡).  (c-e) T-evolution of spectral 
function at 𝜔𝜔 = 0 for each orbital. Corresponding crossover temperatures are drawn in grey dashed lines 60K, 
and 130K, respectively.  
